This paper examines the interaction between dissolved natural organic matter and pesticide residues, both of which are found in raw water sources, using three dimensional excitation-emission matrix (3DEEM) fluorescence spectroscopy. It was observed that pesticide residue at 0.1 mg L À1 formed a complex with humic-like fluorophores that are commonly found in raw water samples.
INTRODUCTION
Pesticide contamination of water sources has been widely publicised over the past 30 years and will continue to be. Given the level of scrutiny under which the water sector operates (regarding water quality, availability and pricing) robust techniques are needed for the determination of pesticide residues in source waters that are both costeffective and reliable. To this end, a flow injection system with tris(2,2 0 -bipyridyl)ruthenium(III) chemiluminescence detection was developed for the determination of atrazine, simazine, hexazinone, monocrotophos, and dicrotophos in natural waters (Beale et al. ) . However, when applied to natural waters, the presence of dissolved organic matter (DOM) caused significant interference with the chemiluminescence signal. This suggests a DOM-pesticide complex was being formed that has impacted the detection of target pesticides. One approach to investigate this phenomenon is through three dimensional excitation-emission matrix fluorescence (3DEEM).
3D excitation-emission matrix fluorescence analysis
Fluorescence fingerprinting via 3DEEM provides information on the source of the water, and enables the monitoring and understanding of DOM transformations and contaminants (Hudson et al. ; Henderson et al. ) ; it has been widely applied to marine, fresh and recycled waters.
While researchers have utilised excitation and emission matrix fluorescence to characterise environmental waters (Mostofa et al. ; Jiang et al. ), its use for detecting pollutants is limited. Research to date has been conducted on identifying distinct protein-like fluorophores, which have resulted from pathogens, and specific fluorescent signatures associated with landfill, such as for naphthalene (Baker & Curry ; Jiang et al. ) . Other researchers have tried to obtain more detailed information from 3DEEM spectra by analysing specific water fractions which have been obtained by passing waters through a series of XAD and ion exchange resins. Analysis of specific fractions enables better characterisation of the composition of the DOM. Specifically, Santin et al. () investigated humic and fulvic fractions from estuarine sediments in Spain in an attempt to map their origins; Baker & Spencer () characterised natural waters in southern China, and found that they contain mainly fulvic acid fractions (ca. 50%) with the remainder consisting of a mixture of hydrophobic neutral compounds, hydrophilic acids and bases, as well as humic acids. Chen et al. () fractionated DOM into polyphenolicrich and carbohydrate-rich sub fractions in order to assess the structural and functional properties of DOM, confirming previous studies on the heterogeneity of DOM in natural waters.
Pesticide analysis
Spark & Swift () investigated the interaction between pesticides (atrazine, 2,4-D, isoproturon and paraquat at 1 mg L À1 ) and humic substances using fluorescence spectroscopy over the emission range of 400-600 nm, with excitation wavelengths of 340, 390 and 450 nm. It was observed that all pesticides studied were adsorbed onto the humic material (solid and aqueous); however, the site of interaction was not determined (Spark & Swift ) .
Huang et al. () characterised triazines in effluent from a pesticide manufacturing treatment plant using 3DEEM fluorescence spectroscopy. Although they were able to identify triazines present in the process effluent, and use the technique to assess the removal efficiency, the concentrations were significantly higher than expected environmental levels (e.g. ca. 90 mg L À1 ) and the effluent was free from naturally occurring DOM; i.e. they were examining a relatively large signal in a simple matrix.
Effect of metals, cations and anions
To further compound the analytical problem of identifying and characterising the DOM-pesticide interaction, research undertaken investigating the effects of metal cations further highlights the complexity of the DOM matrix. For example, some researchers, utilising 3DEEM, have reported the effect of metal cations, such as iron and aluminium, that are used in coagulation processes on the enhancement or quenching of fluorophore signatures, indicating the formation of more complex molecules. These studies have tended to focus on the identification of the analytical result, and have not necessarily addressed the interaction between these cations (and anions) with pesticides and DOM.
The addition of metals that bind to DOM in raw waters has been demonstrated to affect fluorescence yields (Parlanti This paper investigates the interaction of the triazines atrazine and simazine, the triazinone hexazinone, and the organophosphates monocrotophos and dicrotophos with known 3DEEM fluorophores in raw water samples to determine their potential to form DOM-pesticide compounds. The potential for screening samples for pesticide residues via fluorescence fingerprinting is also discussed.
MATERIAL AND METHODS

Solution preparation
A stock solution of atrazine (9.8 g L À1 ; Supelco, Germany, neat analytical standard (NAS)), was prepared in 10 mL acetonitrile and sonicated for an hour. Similar stock solutions of simazine (10.0 g L À1 ; Supelco, USA, NAS) and hexazinone (10.0 g L À1 ; Supelco, USA, NAS) were prepared using the same procedure. A stock solution of monocrotophos (10.0 g L À1 ; Supelco, USA, NAS) and dicrotophos (10.0 g L À1 ; Supelco, USA, NAS) was prepared in 10 mL acetonitrile. Working standard solutions of atrazine, simazine, hexazinone, monocrotophos and dicrotophos were prepared daily in MilliQ water. Stock solutions were stored at 4 W C in the dark when not in use (see Supplementary Figure 1 for pesticide standard 3DEEM spectra, available online at http:// www.iwaponline.com/wst/067/133.pdf). In addition, cation and anion stock solutions (Ajax, Australia, analytical reagent (AR)) were prepared daily.
Dissolved organic carbon
After filtration using a 0.45 μm hydrophilic membrane (Durapore polyvinylidene difluoride (PVDF)), the dissolved organic carbon in the water samples was determined in triplicate using a Sievers 820 TOC (total organic carbon) analyser.
Fluorescent standards
Humic-like (humic acid, fulvic acid and tannic acid) and protein-like (tryptophan and tyrosine) standards were prepared daily in MilliQ water (5.0 mg L À1 ) and adjusted to pH 7 (using drop-wise addition HCl or NaOH, 0.1 M (AR)). Prior to analysis, the pH of the natural water samples was adjusted to 7 (using drop-wise addition HCl or NaOH, 0.1 M (AR)) after being brought to room temperature of ca. 22 W C. Natural water samples and standards were all filtered using hydrophilic PVDF microfiltration membranes (Durapore GVWP, 0.22 μm, Millipore). This was done as the variation in colloidal material, pH and temperature has been demonstrated to affect the reproducibility of the DOM fluorescence spectra (see Spark & Swift ; Hudson et al. ) .
All natural water samples were stored in 200 mL glass amber bottles. Bottles were precleaned with phosphorusfree Pyroneg (Johnson Diversy, Australia), and triple rinsed with MilliQ water.
3DEEM fluorescence spectroscopy 3DEEM fluorescence spectroscopy was undertaken with a fluorescence spectrophotometer (Perkin Elmer, Model LS 50B) operating FL WinLab (Perkin Elmer, USA) with quartz cells (10 mm × 10 mm × 70 mm). Wavelengths ranged from 200 to 600 nm for excitation (5 nm bandwidth), and from 200 to 600 nm for emission (5 nm bandwidth).
INTERPRETING 3DEEM SIGNATURES
There are three common methods for interpreting 3DEEM spectra: (1) visual identification of fluorescence peaks; (2) measuring the intensities of specific peaks, where the ratio of peaks is used for monitoring and discriminating between different source waters (Baker & Spencer ); and (3) dividing 3DEEMs into defined sections associated with specific fluorophores, where each section is then integrated and normalised within these boundaries (Henderson et al. ) .
The visual identification of peaks is qualitative, since it does not demonstrate changes statistically or illustrate enough discrimination between samples over time. In contrast, techniques where 3DEEMs are divided, integrated and normalised are criticised for making minimal use of available data. Characteristics of interest such as peak location, which may shift due to the presence of overlapping spectra or chemical interference, are not reported (Henderson et al. ). As such, the data analysis approach undertaken in this study incorporates measuring peak intensities and noting shifts in 3DEEM profiles (after Baker & Spencer ).
In addition, some authors have suggested 3DEEM fluorescence intensities become distorted when analysing samples that contain high concentrations of organic matter (>1 mg L demonstrated that inner filtering is unlikely to occur in natural water samples with DOM <25 mg L À1 . There are a number of approaches to correct inner filter effects; however, they have been criticised for increasing the analytical error of 3DEEM measurements or diluting sample information (Henderson et al. ) . As all the water samples analysed in this study have DOM concentrations ranging between 3.1 and 11.7 mg L À1 , it is assumed the inner filter effect for these samples is negligible and inner filter correction is not necessary.
RESULTS AND DISCUSSION
A series of humic-like and protein-like standards were compared to the fluorophore signatures found in the literature. The humic-like fluorophores were sourced from scientificgrade humic acid (technical grade, Sigma Aldrich, Australia) and tannic acid (technical grade, Sigma Aldrich, Australia) along with commercially available fertiliser solutions of humate (humic acid, Omnia, Victoria, Australia) and fulvic acid (Omnia, Victoria, Australia) at levels of 5 mg L À1 in MilliQ water. Analytical grade tryptophan and tyrosine at levels of 5 mg L À1 in MilliQ water were used as proteinlike standards. Table 1 summarises the observed and known fluorophores in the literature and for each solution analysed. The humic-like and protein-like fluorophores observed in the analysed standards were found to correlate with literature values.
Application to natural water
To test the effectiveness of 3DEEM fluorescence spectrometry, and assist in characterising DOM and pesticide interactions, six water samples were collected from a range of sites throughout Victoria, Australia, in 2007. Summary information on these samples is presented in Table 2 .
Influence of cations and anions
The influence of a selection of cations and anions upon the 3DEEM analysis of natural waters was investigated as shown in Figure 1 . The concentration of each cation and anion was set at 1 mg L À1 . This concentration limit was chosen as the basis for comparison of the selected cations and anions on the specific fluorescent yield of the known fluorophores, in addition to assessing the sensitivity of raw waters to low concentration changes of these analytes.
As illustrated, there was no significant interference from the metal cations or anions with the exception of Fe 3þ , Fe 2þ , and Cu 2þ , which all quenched the humic-like (A & C) fluorophore; Fe 3þ and Fe 2þ both enhanced the protein-like fluorophore while Cu 2þ quenched the fluorophore. Al 3þ was observed to enhance the humic-like (A) fluorophore while quenching humic-like (C) fluorophore; the protein-like fluorophore was unaffected. The results obtained in this work for iron(II) conflict with some findings by other researchers as shown in Table 3 . This is most likely due to the variation in sample pH and the non-homogeneous nature of DOM within and between natural environments (McKnight et al. ).
Application for pesticide-DOM complex identification
Huang et al. () showed that triazine pesticides can be identified by 3DEEM at high concentrations in manufacturing effluent (ca. 90 mg L À1 ). In this work, the method was applied to pesticide solutions of much lower concentrations, and proved to be relatively sensitive (i.e. 100 μg L À1 ). The 3DEEM fluorescence spectra of triazine, triazinone and organophosphate pesticides at a concentration of 1.0 mg L À1 in MilliQ water illustrated the presence of fluorophore signatures at Ex-310 nm/Em-340 nm for atrazine and simazine; Ex-290 nm/Em-340 nm for hexazinone; and Ex-320 nm/Em-340 nm, and Ex-205 nm/Em-360 nm for monocrotophos and dicrotophos. The effect of the pesticides spiked into the raw waters was investigated over the range of 0.001-1 mg L À1 , and it was found that concentrations below 0.1 mg L À1 had no significant effect on the raw water fluorescence spectra. Pesticide either quenched or enhanced the humic-like (A), humic-like (C), and protein-like fluorophores, which was indicative of a DOM-pesticide complex being formed.
The addition of pesticide, greater than 0.1 mg L À1 , to the natural waters quenched the 'humic-like (A)' and 'humic-like (C)' fluorophore while enhancing the 'protein-like' fluorophore. In addition, the triazine pesticide quenched the humic A fluorophore by an additional 22% (quenched 34% of the natural fluorophore) compared with the triazinone and organophosphate pesticides (quenched 12%).
In addition to investigating the effect of the pesticide on the DOM, an investigation was undertaken on the combination of pesticide, DOM and a known metal ion that affects the fluorescence spectra, as shown in Figure 2 . While the variation changed in intensity for each sample, Figure 2 (available online at http://www.iwaponline.com/wst/067/133.pdf) for sample 3DEEM spectra.
Samples 3 and 6 have strong humic-like (A & C) fluorophores present whereas sample 2 displays the same fluorophore profile but not as intense. Samples 1, 4 and 5 have strong protein-like fluorophore signatures and a weak humic-like fluorophore present. Similarly, samples 2, 3, and to a lesser extent sample 6, display evidence of protein-like fluorophores. This indicates that all the waters have been exposed to a DOM source that discharges a protein-like fluorophore. When compared to the protein-like fluorophore standards, it is apparent that the natural waters have characteristics similar to the tyrosine fluorophore and tryptophan fluorophore. This is evident in the excitation-emission profile in the range of 300/350 and 225/350 nm. the direction of the change (i.e. enhancement or quenching) was consistent. Figure 2 illustrates the enhancement or quenching effect of the pesticides, and the pesticides with a selection of metal ions spiked into the raw waters. The metal ions selected were chosen because of their effect on the fluoresence yield in the previous sections (i.e. the metals that quenched or enhanced the fluorophore intensity). The effects of adding pesticide enhanced the protein-like fluorophore. For the samples exposed to Fe 2þ , the protein-like fluorophore was quenched compared to the observed enhancement in the raw water samples with no pesticide. For the samples exposed to Fe 3þ and hexazinone, the protein-like fluorophore was also quenched compared to the observed enhancement in the raw water samples with no pesticide; this was not observed in samples exposed to atrazine and monocrotophos. However, the addition of the Cu 2þ had no significant effect on the observed protein-like fluorophore.
The triazine and triazinone pesticides spiked into the raw water quenched the humic-like (A) fluorophore. Cu 2þ , Fe 2þ , and Fe 3þ with pesticide resulted in the humic-like (A) fluorophore being quenched (noting the intensity was equivalent to raw water samples without pesticide). However, for the samples exposed to monocrotophos and Cu 2þ resulted in a reduction in the amount of fluorophore quenching (ca. 90%). Al 3þ with pesticide enhanced the fluorophore; however, it was observed to increase the intensity 10% more for the samples exposed to hexazinone and monocrotophos.
All three pesticides spiked into the raw water quenched the humic-like (C) fluorophore. For the samples exposed to Al 3þ , the humic-like (C) fluorophore was quenched ca. 20% more when compared to raw water samples with no pesticide. The Cu 2þ , Fe 2þ and Fe 3þ was observed to have no significant effect on the fluorophore intensity when compared to the pesticide-free sample. Al 3þ also resulted in a red shift.
As a result of understanding the characterisation of the DOM within the waters sampled, it is apparent that the analysis of natural waters by 3DEEM fluorescence is sample specific. While the presence of these pesticides can be identified through variations in fluorescent intensities, for example of humic-like (A) or (C) fluorophores, it is difficult to state with any real confidence that the observed change is a result of a specific contaminant such as atrazine, for example. Also, any observed change may simply be the result of environmental variation such as DOM fluctuations, and desorbing and adsorbing of metals. To overcome this, it would be ideal to monitor the fingerprint of a water source over a long period (e.g. several years), where trends can be established and variations or unusual events in the trends can be tracked and monitored, with more robust analytical techniques such as gas chromatography-spectrometry being undertaken to analyse the variations. In other words, determine a baseline, and then identify events by deviation from the baseline.
It is also apparent that there is an interaction between the pesticides considered in this research with the DOM in natural waters, specifically associated with the humiclike (A) and (C) fluorophores. However, as stated by Sensi (), the interaction between pesticides and DOM is complex; depending on the mode of interaction, the complex can be either reversible or irreversible. Research has indicated that pesticides can be adsorbed on organic matter either via physisorption or chemisosption (Spurlock & Biggar ; Agbekodo et al. ) . Chiou et al. () demonstrated that hydrophobic organic matters have a stronger interaction with non-ionic compounds (such as pesticides, e.g. atrazine). The observed interaction between pesticides and natural organic matter (with and without metal ions) can be best explained by the large number of functional groups that comprise humic material. However, further work is needed to identify the relation between reversible/irreversible complexes and the impact on 3DEEM fluorophores as a means to identify and quantify the impact of DOM-pesticide complexes on analytical procedures, as demonstrated in a previous study utilising flow injection analysis and high performance liquid chromatography techniques (Beale et al. ; Beale et al. b) . In addition, further research is needed to quantify the impact of inner-filter effects and the need for inner-filter correction in long-term monitoring of pesticides in drinking water catchments using 3DEEM.
CONCLUSIONS
3DEEM fluorescence spectroscopy was applied to natural water samples to characterise the DOM, and to investigate the interaction between DOM and three classes of pesticide (i.e. atrazine and simazine, both triazine herbicides; hexazinone, a triazinone herbicide; and monocrotophos and dicrotophos, both organophosphate insecticides). Comparisons of known fluorophore standards and natural waters were used to identify a number of DOM signatures in the selected natural water samples analysed.
The effect of the pesticides spiked into the raw waters was investigated over the range of 0.001-1 mg L À1 , and it was found that pesticide concentrations below 0.1 mg L À1 had no significant effect on the raw water fluorescence spectra. While pesticide concentrations higher than 0.1 mg L À1 inhibited the fluorescence intensity of the humic-like (A) and (C) fluorophores, and in the presence of Fe (1 mg L À1 ) and Cu (1 mg L À1 ), the fluorophores were observed to shift or increase in intensity. However, in the presence of Al, the humic-like (C) fluorophore was quenched. This did not
